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Description 

[0001] The present invention relates to apparatustor and a rr^ethod of determining positional intormation tor an object. 
The positional information might typically be angular orientation or attitude with respect to or range from a given datum. 

s [0002] The invention has application in a number of fields including but not limited to automotive collision avoidance, 
intruder detection, and sensors in robotics for supporting motion in a complex and changing environment. One particular 
use for the invention is in a scoring system of the type which can provide a score for the proximity of approach of an 
object such as a small aircraft or intruder to a specified location such as a target aircraft or other detection location. 
[0003] The Invention is described in detail later with reference to an electromagnetic sensor apparatus, and partic- 

10 uiarty with reference to short range electromagnetic sensing using short pulse, impulse systems (such as with pulses 
up to a few nanoseconds In duration): However, it could also function successfully using, for example, infra-red or 
acoustic techniques. A specific example of the present invention, which will be used to describe its preferred features, 
is that of a precision terminal trajectory scoring radar system. 

[0004]' Efectrbmagnetic sensors (impulse radars) employing short pulse transmissions have been used previously 
IS for evaluating the trajectories of various targets. In such applications, the requirement is often to measure the trajectory 
of the target in a regibri about the sensor, as well as target parameters such as the length or its orientation. For instance, 
an electromagnetic sensing apparatus Is known from International Patent Application No. PCT/GB90/00602 (published 
as W090/1304S). which names Cambridge Consultants Ltd. as patent applicant and whose disclosure is incorporated 
by reference. 

20 [0005] Figure 1 shows the configuration of this prior art apparatus, with an aircraft 10 notiohally cocooned in a set 
of range gates 12. 16 range gates In total are shown. A target approaching the object (aircraft), as represented by the 
linear track 14 superposed on the range gates* wilt cross these range gates in a unique sequence determined by its 
relative trajectory. As can be seen from the linear track of the target, the different range gates are crossed at different 
times and so the solution for the full track is derived by assuming a particular form such as a straight line for the track. 

2S [0006] Figure 2 is a simplified schematic representation of this prior art apparatus showing just 2 of th 8 receive 
antennas typically provided. In brief, under the timing of timer 20 transmitter 22 transmits probe pulses via transmit 
antenna 24, The return signals are received via first and second receive antennas 26 and 28 and first and second RF 
amplifiers and filters 30 and 32. Under the timing of the timer 20 first and second sets of pulse generators PGl to PG4 
and PG5 to PG8 generate detection liming signals at varying delays with respect to the time of transmission of the 

30 probe pMlse to trigger detection of the received signal at those delays by first and second sets of samplers SI to S4 
and S5 to S8. The various delays correspond to the various rsinge gates 12 notionally surrounding the aircraft. Finally, 
the sampled signal is passed through first and second sets of audio frequency processing units AFJ to AF4 and AF5 
to AF8, through first and second sets of data channels DC1 to 0C4 and DC5 to DCS. to data processor 34 and data 
transmission means 36, and thence finally to a ground station 38 or the like. 

35 [0007] In the present context, particular points of interest are that each range gate of the apparatus requires its own 
sampler, pulse generator and audio frequency (AF) processing unit and that the existence of independent pulse gen- 
erators means that the differential delay between corresponding rarige gates with respect to different antennas is 
uncontrolled. 

[0008] Figure 3 shows a timing diagram for the prior art apparatus, for the sake of simplicity with just a single receiver 
40 and a single transmitter. Four range gates are fonmed using the four range gate samplers, at delays of 60, 122.5, 185 
and 247.5 ns from the relevant probe putse. In theory each sampler might be considered to yield not one but a sequence 
of range gates from each of the previous probe pulses, each spaced apart by 500 ns (equivalent to 76 m). However, 
in practice only a single range gate Is formed because the signal from a target decreases as the fourth power of range 
and so, quite deliberately, any reflection from previous probe pulses is arranged to be below the noise floor of the 
4S apparatus and is hence undetectable by the samplers. Thus although the first sampler theoretically could give range 
gates at approximately 9, 85 and 161m and so on, the signal at 85 m will be 39 dB below that from 9 m and so it will 
not be detectlble; likewise the signals at 161 m and beyond will also be undetectable. Hence every sampled r turn 
signal corresponds unambiguously to one range gate. 

[0009] Another feature of the prior art apparatus is that the timing module is fairly complex because each sampler 
so for a receiver is driven with an Independent clock which has to be set to the required delay between range gates. 

[0010] A refinement of the prior art apparatus is known from International Patent Application No. PCT/GB94/00738 
(published as W094/24580), which also names Cambridge Consultants Ltd. as patent applicant and whose disclosur 
is also incorporated by reference. In this case, it was recognised that to achieve higher accuracy on smaller vehicles 
than that of the original apparatus would require very accurate knowledge of the location of the range gate and henc 
ss a real time autocalibration system was employed. This system while improving the performance had the disadvantages 
of requiring yet more circuitry for the autocalibration receiving means and timing generator, and of increasing the band- 
width of the signals required to evaluate target position. 

[0011] In both of these prior art apparatuses, the three dimensional vector position of the target is evaluated by 
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making absolute range measurements to specific features of the target to be tracked from receivers distributed around 
the vehicle on which the sensor is mounted. A key feature of the apparatuses Is that the range measurements with 
respect to the different receivers are not simultaneous and so deriving the precise trajectory of the target requires fitting 
an assumed model trajectory (such as a straight line or a constant curvature curve) to these non-simultaneous meas- 
5 urements. Hence they have the disadvantage that until the full three dimensional trajectory of the target as a functbn 
of time has been computed, no representation of the three dimensional position of the target at a particular time is 
available; hence the processing is not real time. Also, there is critical reliance on the particular assumed model trajec- 
tory. 

[0012] Yet a further feature of these two known apparatuses is that the accuracy of position measurements deteri- 
70 orates for smaller vehicles carrying the apparatus, to the point where they become unusable for very small vehicles. 
This is because the known apparatuses measure the trajectory of the target with a precision determined by th minimum 
baseline of the antennas as Installed, and thus the smaller the vehicle on which the system is-mounted the less accurate 
the position measurement. This problem was addressed in PCT/GB94/00738 by incorporating an autocalib ration sys- 
tem to measure, in real time the absolute locations of the range gates with very high precision without aff cting the 
IS normal operation of the sensor. This too had the practical limitations that the accuracy Was limited if the antenna 
separation was less than 1 m and the extra hardware required was expensive. 

[0013] EP 0 477 094 discloses a continuous emission radar device for determining, at short range, the relative po- 
sitions of a missile and a vehicle to which the device is mounted, A transmitting antenna mounted to the vehicle transmits 
a signal towards the missile, and the echoes returned by the missile are detected at three receivers rnoiinted to th 
20 . vehicle. The position of the missile relative to the vehicle is obtained from a phase shift between the first, second and 
third echoes. . 

[0014] According to the present invention (referred to as the "differential delay aspect"), there is provided apparatus 
for determining positional information for an object, comprising: 

2S, means for transmitting a probe signal towards the object; 

means for receiving^ at a plurality of spaced apart locatksns, the probe signal as returned by the object; character- 
. ised by . ^ 

detecting means, coupled to the receiving means, for detecting the relative timing of the returned probe signals 
as rece,^ed at the plurality Qf Jccations; . .v; . . . .^ • 

30 . . .. whereby thepositiorial information for the object can: ^^^^ 

[0015] By detecting the relative timing (also termed 'differential delay") of the returned probe signals as received at 
the plurality of locations, the positional information can be determined in real time, for example through a process of 
triangulation. Also, accuracy can be preserved or even enhanced, especially when the apparatus is mounted on a 
55 small object. With other improvements taught herein, it is possib\e to control the differential delay to within roughly 5 
ps (0.7 mm). 

[0016] Hence the inventive step in this aspect recognised firstly that for closely spaced antennas the backscattered 
waveform from the target object would be very similar at the same range. This occurs because the relative georhetry 
of the target and the (for example) two receive antennas would be equivalent so long as the range gate rang was 

40 large in comparison to the antenna separation. Moreover, for a given separation between the range gates the distance' 
a target would travel between the range gates was a well defined function of the angle between the target position and 
the line going to the two receivers. Therefore, with multiple non-coplanar receivers, a full three dimensional position 
could be triangulated. Hence, if the range gates with respect to different antennas had a well-defined differential range, 
the time delay between arrival at the two similar range gates with respect to different antennas could be very highly 

45 accurately measured simply by finding the peaks in the correlation of the two signatures. In fact, it turns out that the 
accuracy of differential range measurement can be several times better than the accuracy of absolute range meas- 
urement and since the derived position error increases depending on the range error divided by the antenna separation, 
the position error can be improved by switching to a differential range based technique. 

[0017] . Preferably, the apparatus includes means for determining the positional infomnation for the object from said 
so relative timing. Suitably, the determining means is adapted to determine the angular position of the object, since this 

is particularly easily determined by the technique of the present invention. However, alternatively or usually additionally 

oth r positional information such as absolute or relative range may be determined, as may the velocity of the object. 

For example, the position of more than one feature of the object may be measured (at more than one range gate) and 

hence the orientation of the object may be derived from measurements at at least two range gates. 
55 [001 8] A particular advantage of being able to determine the relative angular position of the object, at a given instant, 

is that no compensation Is required for possible changes in the attitude of the apparatus over time. Such compensation 

might otherwise need to be provided by a system of gyros or the like. 

[001 9] Preferably, the determining means is adapted to determine the positk>nal information by triangulation. Hence. 
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the present Imentlon may provide a processing subsystem which measures the differential delay between each re- 
ceiver pair to infer the vector position of the target by triangulation between the results from the different receiver pairs. 
In three dimensions, triangulation may suitably be carried out either using 3 independent angles and one range meas- 
urement or using 4 independent angles. 

[0020] More preferably, the determining means is adapted to determine a trajectory for the object by triangulating at 
a plurality of discrete times. By using triangulation in this way, the present invention can determine the trajectory without 
detailed (or indeed any) prior assumptions being made about the trajectory, and without any knowledge of the motion 
of the apparatus itself. 

[0021] Preferably, If the detecting means is adapted to detect the returned signals at a given minimum range from 
the apparatus, the angle mutually subtended by the locations at that minimum range is less than 10, more preferably 
less than 5, and even more preferably less than 3 degrees. This can ensure that errors due to variability in back-scatter 
from the object are minimized so that the invention can operate effectively. 

[0022] Preferably, the detecting means is adapted to detect the relative timing of the returned signals by cross cor- 
relating between them. This has been found to be a particularly efficient way of putting the invention into practice. More 
preferably, the processing sub-system measures the differential delay between target reflections in different receiver 
channels at the same range by correlating the output of the receiver channels at the same range and inferring the 
delay by identifying and precisely timing peaks in the cross-correlation function. Again, more preferably the cross 
correlation is carried.out in the audio frequency range. 

[0023] There are a number of restraints concerned with the timing of the detection of the returned probe signals. It 
is important that when detecting the relative timing this is carried out for probe signals which are received as close in 
time to each other as possible. There arc several reasons for this. If the relative timing were detected for signals which 
are received at greatly different timesi firstly the variation in the back-scatter due to the likely motion of the object could 
render the correlation process difficult or impossible to carry out accurately; this problem could be solved by keeping 
a library of Ukefy return signals, and further correlating against these, although this may be undesirable. Secondly, the 
correlation process would require to be carried out over a relatively k>ng time span.. This would be computatksnally 
experisive. 

[0024] A third reason is concerned with the length of the probe signal; preferably the probe signal takes the fomi of 
^a pulse pf a given duration, and, if so, the detecting means is preferably adapted to detect the relative timing of returned 
signals which are received within twice such given duration, more preferably within once or one half said given duration. 
[0025] Typically, - the probe signal pulse has a duration of less than 5ns, say 1 , 2, 3 or 4 ns; preferably therefore the 
detecting means is adapted to detect the relative timing of returned signals which are received within 3. 2 or 1 ns of 
each other, or more preferably in fact within 500, 256 or 100 ps of each other. Indeed, rnost preferab^ the detecting 
means is adapted to detect the relative timing of returned probe signals which are received substantially simultaneously 
This can be an important feature which can enable real time determination of positional Information and can enabi 
triangulation to be carried out successfully. 

[0026] Another important restraint concerns the relative uncertainty as to when the returned probe signals are re- 
ceived, since this directly affects, the ultimate accuracy of the technique. Regardless of how great the time difference 
between receiving the signals of interest, preferably, the detecting and receiving means are adapted such that the 
uncertainty in said relative timing is less than 100, 50. 20, 10 or 5 ps. 

[0027] Preferably, the receiving means includes means for limiting the power of the probe signal as received. The 
limiting may be partial or complete; in other words, either attenuation of the signal may occur if the power is too great, 
or the signal may be switched out altogether whilst it is of excessive power. This is to avoid damage to the receiving 
means. 

[0028] Further preferred features of the various Integers of the invention are as follows. The transmitting means may 
comprise a transmitter switched into one or possibly more transmit antennas, in the latter alternative to achieve full 
volume coverage of the area where the object needs to be tracked. 

[0029] Preferably, the receiving means comprises at least 4, 5 or 6 receive antennas at respective ones of the spaced 
apart locations. The relative timing is then suitably detected as between pairs of such antennas. Preferably also, the 
receive antennas are non-coplanar so that the differential delays are sufficient to define the three dimensional position 
of the object. More limited 2-D arrangements are of course possible if only 2-D position is desired to be measured (for 
example, in the case of Intruders). 

[0030] Preferably, the detecting means comprises narrow aperture samplers triggered from the same pulse generator 
at each discrete value of range used by the apparatus, as well, preferably, as appropriate processing means to detect 
the said relative timing. Preferably also, the detecting means forms more than one range gate, and preferably again 
this means derives the position of the object at each of the range gates and Infers position between the range gates 
by interpolation or curve fitting. In this case, suitably a single output channel contains range gates at a multiplicity of 
delays separated by more than the length of the target. Also, suitably the output channel is generated by adding the 
output from the sampling means into a common audio frequency processing sectbn. Again, preferably, at least two 
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range gates at any antenna are set up at close and tightly controlled separations so that the normal velocity of the 
target can be directly measured from the time the target takes to move between them. 

[0031] The present Invention also provides a method of determining positional infomnation for an object, comprising: 

transmitting a probe signal towards the object; 
. recervirig. at a plurality of spaced apart locations, the probe signal as returned by the object; characterised by 
. detecting the relative timing of the returned probe signals as received at the plurality of locations; 

whereby the positional information for the object can be determined from said relative timing. 
[0032] The method may include the step of determining the positional information for the object from said relative 
timing. 

[0033] Preferably in this method aspect, the angular position of the object is determined. 

[0034] The positional information may be determined by triangulation. A trajectory for the object may be determined 
by triangulating at a plurality of discrete times. . . . -= . . 

[0035] Preferably, the^prpbe signal takes the form of apulse of a given duration, and the relative timing is detected 
of. returned signals which are received within twice such given duration, more preferably within once or one half said 
given duration. Preferably also, the relative timing is detected of returned signals which are received within 3, 2 or 1 
ns or 500. 250 or 100 ps of each other. Again, preferably the relative timing is detected of returned probe signals which 
are received substantially simultaneously.- Yet again, preferably the uncertainty in said relative timing is less than 1 00, 
50, 20, 10 or 5 ps, . • * - 

[0036] Again, preferably the returned signals. are only detected at given range gates, and the gate separation is 
greater than 1 . preferably greater than 1 .2 or 1 .5. and more preferably greater than 1 .7, times the maximum dimension 
of the object taken in a directiori towards any of said spaced apart locations. 

[0037] According to an embodiment there is provided an electromagnetic sensor systern'comprising a transmitter 
. and associated transmit antenna; at.least two receive antennas with receiving means configured to measure the re- 

turried signal at controlled and nearly equal delays; and a processing sub-system which extracts the differential delay 

between the time of arrival of a puise at each of the receivers to infer the angular position of the target. 

[003!3] In ah embodirnenl (referred to as the 'common pulse generator", aspect, although not limited solely th reto), 
;. therer is provide apparatus es aforesaid further comprising mearts lor g&neinatjng a detection timing signal at a delay 

after a given probe signal transmission time, corresponding tbat least one selected range for the object; and wherein 

thei detecting means cprpprlses a plurality of detectors, each one for detecting the returned probe signal as received 

at a respective one of the locations in response to a common detection timing signal. 

[0039] ' By arranging that the detectors detect the returned signals in response to a comnion detection timing signal, 
firstly. the necessary timing accuracy can be achieved to facilitate the determining of positional information using the 
differentia/ deiay technique referred to previousty; secondly, the apparatus can become less hardware intensive since 
the detection timing signal generating means need generate fewer different detection timing signals; 
[0040] Indeed, : if, as is preferred, the generating means comprises a pulse generator, a. single such generator is 
advantageously used to generate the common timing signal. Suitably, the transmitting and generating means are timed 
by a clock, preferably the same clock. Advantageously, the detectkMi timing signal is used to generate one or more 
range gates. 

[0041] The present inventive step recognises that building apparatus with well defined differential delay between 
range gates is possible by using a new trigger arrangement (the common detection timing signal) for the sampling 
receivers employed. To then define the trajectory and orientation of the object can be accomplished with apparatus 
with only two ranges so long as the three dimensional position of the object at each range gate can be derived. Moreover, 
developments in electronics pursuant to the present invention have enabled this to be done so long as the processing 
algorithms can handle the more complex data output from the sampler. Such an apparatus also has the advantage of 
highly rationalizing the electronics required and so decreasing cost. 

[0042] Preferably, the detecting means comprises a plurality of sets of detectors (preferably no more than two, three 
or four such sets) and the generating means is adapted to generate a plurality of common detection timing signals, a 
respective one for each set of detectors. Each common detection timing signal would advantageously be generated 
by a single pulse generator, and would be used to generate one or more further range gates. 

[0043] Preferably, no more than two detectors are provided for detecting the returned probe signals as received at 
any one of the k>cations. In this way the amount of hardware required can be reduced by comparison with that provided 
by the known apparatuses. 

[0044] Preferably, the apparatus includes means for distinguishing from the output of the detectors information con- 
cerning different ranges. This may be necessary If the output of a single detector bears infomriation concerning several 
different ranges, which may be the case if a multiple pulse in flight technique (as later described) is employed. The 
distinguishing means may be embodied in processing software or hardware, and suitably carries out a process of "de- 
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interleaving' (again as later described). - 

[0045] Preferably, the generating means is adapted to generate different kinds of detection timing signals. The signals 
may, for example, differ as to polarity. Different signals can be arranged to actuate a different detector, which can allow 
the use of yet less hardware intensive generating means. 

[0046] In the second common pulse generator aspect, there is provided a method as aforesaid further comprising 
generating a detection timing signal at a delay after a given probe signal transmission tlme^ corresponding to at least 
one selected range for the object; and providing a plurality of detectors, each one detecting the retumed probe signal 
as received at a respective one of the locations In response to a common detection timing signal. 
[0047] Preferably, in the generating step a pulse generator is provided, a single such generator generating the com- 
mon timing signal. 

[0048] Preferably, a plurality of sets of detectors is provided and a plurality of common detection timing signals Is 
generated, a respective one for each set of detectors. 

[0049] In an embodiment (referred to.as the "multiple pulse in flight" aspect), In any of the methods as aforesaid, in 
the transmitting step pulsed probe signals are transmitted at a selected pulse repetition frequency, a measure of the 
inverse of said frequency defining a pulse repetition frequency path length for the signals; and in the detecting step 
the path length for the signals greater than which the object cannot be detected defines a maximurh detectibi path 
length; the pulse repetition frequency being selected such that the pulse repetition frequency path length is less than 
the maximum path length. . j/. 

[0050] By selecting the pulse repetition frequency such that the pulse repetition frequency path length is less than 
the maximum path length, signal to noise ratio and resolution can be improved; also hiardware savings can be made 
since a single detector can generate multiple range gates. However, this does mean that returned signals will not 
correspond unambiguously to a particular range gate (since there may be multiple pulses in flight), and hence as taught 
herein various processing enhancements are required to cope with the ambiguity. 

[0051] Typically, the maximum path length is twice the range of the furthest of a series of notional range gates around 
. the apparatus. It wilibe understood that the path lengths referred to would usually be bi-static ranges (to and from the 
object). The pulse repetition frequency path length is typically defined as the speed of light divided by the pulse repetition 
frequency.: 

[P052] Advantageously, the path length greater than which the object cannot be distected Is defined in tenms of a 
given noise threshold; in other wonds^ the object is defined as not being detectibie when a particular retum signal is 
tb. low a given noise threshold;; The noise threshold may be set at some factor (say 2. 3 or 5 times) times the ambient 
rtoise. If.mpre than one transmit antenna.is emptoy^d. the pulse repetition frequency would usually be taken as the 
frequency, of all the pulses In combination. 

[0053] Preferably, the maximum path length is greater than twice, and more preferably greater than three, four or 
five times, the pulse repetition frequency path length; indeed, within reason the higher it is the better This feature can 
enhance the signal to noise improvement. 

[0054] Preferably, the pulse repetition frequency path length is greater than two times, and more preferably greater 
than three or even four.times. the maximum dimension of the object taken in a direction towards any of said spaced 
apart locations. This can avoid various features of the object being detected at ambiguous ranges. 
[0055] The retumed signals may be detected at a given sampling frequency. If so, then preferably one of the pulse 
repetition frequency and the sampling frequency is an integral multiple of the other. In appropriate circumstances riange 
gates can then be formed sequentially rather than simultaneously. 

[0056] In a first preferred realization, the two frequencies (pulse repetition and sampling) are the same. In a second 
preferred realization the probe signals are transmitted alternately from two transmit antennas at a combined pulse 
repetition frequency which is the same as the combined sampling frequency of the two detectors which are used per 
receiver. In a third preferred realization the sampling frequency Is twice the pulse repetition frequency. In a fourth 
preferred realization, multiple pulse in flight techniques are actually not employed, but the outputs of some or all of the 
detectors are summed to achieve the data rate advantages achievable with the other realizations; In a fifth preferr d 
realization probe signals of different relative amplitude are transmitted. More particularly, the transmitter is pulsed faster 
than the detector and the amplitude of the probe pulse is modulated pulse-to-pulse both to form the multiple range 
gates through a sampling element and to limit the dynamic range of the channel: However, in other preferred embod- 
iments the probe signals are all of the same amplitude, and are indeed all preferably identical. 

[0057] Preferably, the returned signals are detected at a plurality of distinct range gates, using a number of detectors 
which is less than the number of range gates. Indeed, there may only be one detector per range gata In oth r words, 
the multiple range gates may be generated by pulsing the apparatus faster than the maximum unambiguous range of 
the apparatus implies (this being a different way of viewing the multiple pulse in flight concept). By using fewer detectors 
(samplers) than range gates, the component count of the apparatus can be reduced. Also the telemetry bandwidth 
can be reduced if the resultant data is being transmitted, since more than one gate contribut s to only a single data 
channel. 
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10058] Preferred features of the present invention will now be described, purely by way of example, with reference 
to the accompanying drawings, in which: 

Figure 1 illustrates the configuration of range gates in a known electromagnetic sensor apparatus; 
s Figure 2 is a schematic representation of the known apparatus; 

Figure 3 is a timing diagram lor the known apparatus; 

Figure 4 illustrates the overall configuration for the present invention; 

Figure 5 is a schematic representation of the present invention; 

Figure 6 is a modified timing diagram for the known apparatus; 
10 Figure 7 is a timing diagram for a first preferred realization of the apparatus according to the present invention; 

Figure 8 Is a timing diagram for a second such preferred realization; 

Figure 9 is a timing diagram for a third such preferred realization; 

Figure 10 is a timing diagram for a fifth such preferred realization; 

Figure 11 shows an expected signal pattem yielded by the known apparatus for a single receive antenna; 
IS Figure 12 shows an expected signal pattem yielded by the apparatus of the present invention for two receive 

antennas; 

Figure 13 shows the signal pattern of Figure 12 in duplicated form so as to reveal a characteristic hyperbolrc 
pattern; and 

Figure 14 is a diagram illustrating how the attitude of a target. is evaluated. 

[0059] In the figures, like features are represented by like reference numerals, 

* OVERALL CONnGURATION FOR THE PRESENT INVENTIQN 

2S. [0060] Referring first to FIgui'e 4, three -receivers, 100, 102 and 104, are disposed at the vertices of a triangle but 
this is not fundamental so long as however many receivers are provided are at known locations. For simplicity, Figure 
4 shows just two range gates at the same delay with respect to the two receivers 100 and 102 (one gate per receiver); 
. it should be rtoted that the range gates. are not to scale. As is clear, the angle 0 between the position at which the target 
(possibly a missile) crosses the range gate and the tine joining the two receivers is a fuiictioh of the' distance between 
3p.-- . the range gateSi which in turn is directly proportional to the drfferential delay. : 5t; the distance is a maximum when 6 is . 
' 0 or 1 80** and a minimum (zero) when 6 is 90 or 270*, In .three dimensionatterms a given angle 6 would be representative 
of a target placed on a hyperboloid focused at the two receivers. 

[0061] It is desirable that the two receive antennas are close together relative to the range gate range because the 
normals to the two range gates at the point the target crosses the range gate will be nearly parallel. In this case, the 

3S distance the target flics between the range gates characterizes the position of the target to be on a cone whose vert x 
is at the midpoint of the two antennas, whose slant length is given by the range gate delay and whose cone semi-angle 
is hence G, as denoted in Figure 4 at 106. The vehicle on which the apparatus is rriounted is typically small, and hence 
the two receive antennas are often inevitably close together. If the vehk:le is particularly large, it may be advantageous 
to place the receive antennas close together rather than at the extremities of the vehicle. - 

40 [0062] Whilst Figure 4 shows for simplicity three receivers (suitable in fact for two-dimensional operation), for full 
three dimensional vector position measurement, at least three non-coplanar receiver pairs would be needed, such as 
could be provided by a minimum of four suitably distributed receivers (different pairs having receivers in common). 
Thus a minimal configuration offering three dimensional position measurement could employ receive antennas on a 
tetrahedron (hence providing in fact a total of six possible paired combinations), although it will be appreciated that it 

45 is not usually possible to position the receivers precisely like that. Some redundancy is desirabte, for instanc because 
(with reference still to Figure 4) when the angle 9 Is 90* accuracy is reduced by comparison with when 8 is 0**. To 
measure the position at a sequence of times a sequence of range gates would be employed (in the manner described 
above in relation to the known electromagnetic sensor apparatus). 

[0063] The apparatus can employ a separate transmit antenna approximately co-located, for example at th c ntre 
so of the tetrahedron, or alternatively any of the receive antennas could also be transmit antennas with appropriate switch- 
ing means to switch the antenna from transmit to receive mode. 

[0064] Thus in general terms the present invention can operate to determine positional information conceming a 
target as follows:- 

55 (a) Measuring the differential delay 5t (see Figure 4) between the target crossing range gates at the same range 

for different receivers; 

(b) Triangulating between differential delays at a number of receiver pairs to evaluate the (usually three dimen- 
sional) vector position; and 
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(c) Joinfrig points measured at drfferent range gates and interpolating to infer the position of the target at any time. 

[0065] One possible configuration for tlie present invention is a hybrid between the configuration just described and 
that described In International Patent Application No. PCT/GB90/00602. Especially on a large vehicle, a compact set 
of antennas could be provided for putting Into effect the differential delay technique, whilst a spaced apart set could 
exploit a greater baseline to use the known technique to advantage to evaluate information such as attitude Infomiation. 

APPARATUS FOR THE PRESENT INVENTION 

[0066] Referring now to Figure 5, this figure is a simplified schematic representation illustrating the hardware imple- 
mentation of the present invention. Those features which are similar to features in the corresponding prior art figure 
(Figure 2) are represented by the same reference numerals, and a descriptjon of these features is not repeated here. 
For simplicity, the representation shows the same;number (two) of receive antennas 26 and 28 as Figure 2. albeit that 
in practice several more would usually be provided. 

[0067] Particular features of note are firstly that the data processor 34 comprises an analogue multiplexer 40, digi- 
tization means 42 and data formatting means 44. Thus each AF processing unit produces a signal which Is digitized 
and then transmitted to an ultimate location where It is processed, namely the ground station 38. The bandwidth required 
is proportional to the number of range gates employed in the system. The data processor itself may have some capability 
to self-test in real tirrie; in this circumstance the self-test capability of the ground station can be appropriately reduced. 
[0068] Secondly, limiters or switches 46 and 48 are added in the signal path between the receive antennas 26 and 
28 and the RF amplifiers and filters 30 and 32. These are added in order to avoid overload of and possible damage to 
the receivers If they were to receive an excessively targe direct wave from the transmitter, such as might occur especially 
where the separation between the receivers and the transmitter were particularly great. Generally either a limiter or a 
switch would be provided. The limner limits the received power to within a certain range. The switch on the other hand 
actually switches off the received power until it is within an acceptable range. The switch Is actually morel advantageous. 
If a narrowband filter is coupled to the front end of the receiver, this may cause a long time response which may be 
.modulated by timing Imperfections to. give rise to noise in the receiver which may interfere with the range gatds. Such 
noise is proportional to the amplitude of the exciting signal; and hence a switch could corripletely ellnriinate such a 
responsoi whilst a limiter would only lirnit: it. • 

[0069] Thirdly and -^finally.; it is noted that all of the apparatus in shown in Figure 5, With the exception of the ground 
statlpn 38, CQn.for cheapness and simplicity be emixxiied'dn a single electronic card, although of course multiple cards 
are also possible. 

[0070] Before further detailed explanation of the apparatus is embarked upon, the pulse generators (PG 1 and PG2) 
are discussed. Such pulse generators generate a detection timing.signal to drive the very sharp samplers (or sampling 
bridges - S1 to S4) at a delay after the transmit pulse transmission time, corresponding to at least one selected range 
for the target, thereby generating a range gate. Pulse generators of this type have a time delay from trigger to generating 
the pulse that is uncertain to order 1 nanosecond. Hence apparatus, such as the l<nown apparatus shown in Figure 2. 
based on triggering each sampler from a different pulse generator can not control the delay of range gates relative to 
different receive antennas to better than around 150 mm in range. 

[0071] By comparison, the present Invention can control the relative delay to an uncertainty of bietter thari a few mm, 
that is a few tens of picoseconds. In this case, the pulse generator PG1 generates the trigger pulses both for sampler 
81 and for sampler S3; in other words the samplers arc actuated by a common detection timing signal. This is achieved 
by splitting the pulse output between multiple samplers (thus with 4 receive antennas the PG1 output could be split 
between 4 samplers, to define range gates at the same delay for the 4 antennas). Hence by controlling the length of 
the tracks from the pulse generator PG1 to the samplers SI and S3 at different receive antennas 26 and 28 the differ- 
ential delay between the range gates for different antennas can be controlled, in particular, if such tracks are of equal 
length then the range gates will be at the same delay for each antenna, which is the preferred configuration. Likewise 
the pulse generator PG2 drives samplers S2 and S4 at a different delay after the transmit pulse transmission time for 
all r ceive antennas. 

[0072] Thus this first particularly important feature of the present invention, namely the sharing of pulse generators, 
can typically reduce the required number of pulse generators from Ni = (the number of range gates) to N2 = (the number 
of range gates divided by the number of antennas). 

[0073] Another, second, important feature of the present Invention is to form a number of range gates with a single 
sampler (S), audio frequency processing unit (AF) and data channel (DC) so that the three dimensional trajectory of 
the target can in principle be derived from the output of a single sampler per receiver. This f ature is typically only 
applicable when there Is known to be a single target of interest near the sensor apparatus which moves with well- 
defined dynamics. Of prime interest Is the case when the single target approaches the sensor to some minimum dis- 
tance and then it recedes again. In this case, as in the prior art described above, the curve of range versus time is 



8 



EP 0 853 768 B1 



approximately a hyperbola as in Figure 11 (discussed later). . 

[0074] In the apparatus known from International Patent Application No. PCT/GB90/00602 the pulse repetition fre- 
quency of the system is chosen so that only one transmit (probe) pulse is in flight in the detection voluhne at one time. 
Hence any reflection observed is at a well-defined unambiguous delay defined by the time interval between transmitting 
the transmit pulse and sampling the return signal. So, tor the apparatus as actually put into practice, the maximum 
range was 38 m. which was covered by two transmitters operating in time division multiplex as shown in the modified 
timing diagram of Figure 6. The maximum pulse repetition frequency to avoid having multiple pulses in the detection 
volume simultaneously is 2 MHz so that the spacing between the individual transmit pulses is 250 nanoseconds. Each 
range gate is fired at the same 2 MHz frequency with a fixed time delay with respect to the transmit pulses: This again 
is illustrated In Figure 6. tn this figure, the samplers form range gates at 60. 122.5, 185 and 247.5 nanoseconds (that 
is. arranges of 9:14. 18.67, 28.19 and 37.72 m). 

[0075] • This-second feature of the present invention involves firing the transmitters and samplers at a much faster 
rate, fqr example as shown in Figure 7. In broad terms, any reflection observed is not at a completely unambiguous 
delay but so long as the target length is less than the range gate separation then if there is only a single target close 
to the sensor it must be that the reflection must originate from only one of the small number of delays at which the 
sampling operates. As taught later, the sequence of signals observed enables the processor to ipfer the actuaf range 
gate ranges of signals multiplexed through the sampling element. 

First Preferred Realization 

,.. [0076] In more detail. Figure 7 shows as a first preferred- realization of this concept a timing diagram fbr a simple 
example apparatus, with a single transmitter operating aM6 MHz and a single sampler per receiver also operating at 
16 MHz. The transmit pulses are triggered on the rising edges of the clock signal; as are the sampling pulses. Using 
a single clock, the clock isignal for the sampler may be derived from the clock signal for the transmitter a delay line 
yielding a delay of 60 ns. or, preferably, a delay line of 2.5 ns may be placed in the transmitter circuitry, hence achieving 
the same effect. The delay is chosen, so that the sarnpler.is triggered just before the next transrnit pulse, in' order to 
. provide maximum recovery from the^previous transmit pulse and yet to avoid any. noise pick-up frorri the transmitter 
firipg near the /highly sensitive receiver element. Each sampling pulse is typically less than 5G0 in duration; and 
: rndre particularJyvtypically between 100 and 3G0 ps in duration! corresponding to a few centimet^^ Itiwill be 

^ppreciatedithat usa device fprrtiming^both transmission arid detectibn cian enhance accuracy. 

,.{0p7^ ; ' Eaph-^arnpliQg pMi$|e^wllI*::See.r^^^ from each of theM previous^transnriit putses^t nominal delays of 60. 

122;5, 185 and 247,5 nanoseconds (corresponding to. range gates at rangiss of :9:14. 18:67> 28?19| and 37.71 m). 
Indeed, this sequence continuiss further at 626 nanosecond spacing, but the amplitude of the signals decreases as 
the fourth power of range and eventually dies below the noise floor, and it is assumed in the present explanation that 
in fact only reflections from the previous 4 transmit pulses can be detected so that the furthest range gate is at 37.71 
m (which is therefore one half of the maximum detectible (bi-static) path length of the transmit pulse). It has been found 
empirically that typical target responses are of a length corresponding to 1 .2 to 1 .7 times the target length' and so the 
apparatus here illustrated is suitable for targets of length up to around 5.5 m, given that the target response is preferably 
not greater than the range gate separation. 

[0078] The apparatus known from International Patent Application No. PC T/G 890/00602, configured with a single 
transmitter and four receivers, would require 16 pulse generators, 16 samplers, 16 audio frequency processing units 
and a data bandwidth proportional to 16. By comparisori, the present invention can in this first realization yield th 
same useful information with only 1 pulse generator. 4 samplers, 4 audio processlng uncts and with a data bandwidth 
one quarter of that. of the prior art apparatus. Also, the timing module is much simpler because only two clocks arc 
required whereas the prior art required five clocks to form the sequence of 4 range gates. 

[0079]. It should be noted that the range gate delays can not be chosen arbitrarily. The preferred constraints are > 

(a) The minimum value of range gate delay should preferably place the range gate outside thie extent of the object 
on which the apparatus is mounted to avoid or minimize reflections from the object itself. 

(b) The range value should preferably be chosen so that the apparent orientation of the target is nearly the same 
at all receivers, and the signature received by the various receivers hardly differs as between the receivers. So 
preferably the orientation of the target should be within ten degrees at each receiver, more preferably within 5 
degrees and possibly still more preferably within three degrees. Hence, for example, if the separation of the an- 
tennas were 0.5 m, the minimum preferred range gate delay would be 2.86 m, more preferably 5.73 m and still 
more preferably greater than 9.55 m. This value of preferred delay scales in proportion to the receiver separation. 
However, if it were true that this condition were violated at the inner range gate or gates, processing could still 

. continue. During the correlation processing (described in more detail later), th control computer 50 is programmed 
to ignore data points where correlation is not possible. 
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(c) In order to prevent the target being detected simultaneously or near simultaneously in two different range gates, 
the range gate separation should preferably be greater than the expected target length and more preferably greater 
than 1 .2 times the target length or more preferably still greater than 1 .7 times the target length. These values will 
increase with the length of the transmit pulse which in such apparatus Is typically less than 3 nanoseconds. The 
transmit pulse repetition frequency dictates the range gate separation, and hence it will be apparent that the larger 
the target the lower must be the frequency. 

(d) The constraint in (c) above can impose a maximum pulse repetition frequency which depends on the target 
length and transmit pulse length. For a 2 nanosecond pulse and a target 4 m long, this would equate to at least 
15 nanoseconds, which corresponds to a pulse repetition frequency of 66.67 MHz for a single transmitter system. 
The allowable pulse repetition frequency is Inversely proportional to the number of transmitters in situations where 
the receiver forms range gates with respect to any transmit pulse. More preferably, the apparatus employs one or 
two transmitters with a pulse repetition frequency of. no more than 18 MHz for targets of length up to around 5 m. 
A pulse repetition frequency of 18 MHz corresponds to a pulse repetition frequency path length of approximately 
17 m. 

Second Preferred Realization . . - . 

[0080] A second preferred realization of a simitar concept has a timing diagram as shown in Figure 8. This realization 
employs two transmit antennas, driven by the need to provide as nearly as possible full 360"^soiid angle covei-age, 
and hence is particularly preferred. 

[0081] In this realization, a single transmitter is switched between 2 transmit antennas with the transmitter operating 
at 16 MHz and two samplers each operating at 8 MHz; each transmit pulse from either transmit antenna is of the same 
amplitude. The timing diagram illustrates the timing of signals from the single receiver to the two samplers, sampler 1 
and sampler 2. In the figure, the pulse from the first transmit antenna is denoted by a solid single narrow line, 'whereas 
that from the second transmit antenna is denoted by a double dashed thicker line. 

[0082] In the second realization, assuming again that the furthest detectible range gate is at approxiniat ly 38 m. 
each sampler forms two range gates with respect to the first transmit antenna and two with respect to th second. 
Hence a given sampling pulse, say for the first sampler, forms gates from the first tiransmit antehna at delays of 60 and 
185 ns, corresponding to ranges of 9:14 and 28^19 m. These gates are, as explained latisr, termed *i^eal gates'. The 
same sampling pulse for the same first sampler also forms gates from the second transrnit antenna at delays of 122.5 
; and 247.5 ns, corresponding to ranges of 18.67 and 37.71 m. These gates are tOfmed "ghost gates". The delays of 
60, 122^5 ns and so on are again chosen such that the samplers sample just befoire the transrhitter transmits: 
[Q083] Reference has been made above to "real' and "ghost" gates. This Is In recognition of the fact that typically 
the apparatus of the present invention would be mounted on an aircraft, with one transmit antenna and, say, three 
receive antennas, being used tocover the underside of the aircraft and the same number for the upper side. As presently 
describied. the three upper antennas are associated with "real" gates, whilst the three lower ones are associated with 
"ghosf gates. 

[0084] Notwithstanding the use of the term "ghost" gates, and despite the positioning of the lower receive antennas, 
it will be appreciated that, considering as an example a target whose trajectory is solely above the aircraft, in general 
the lower transmit antenna will give rise to, and the lower receive antennas will receive, return signals from such a 
target; This is because of the effects of diffraction which are noticeable at the pulse repetition frequencies being pro- 
posed. 

[0085] It can now be understood that the second sampler yields real gates (at the same ranges) where the first 
sampler yields ghost gates (and vice versa), and that hence the two samplers are complementary. 
[0086] If a second receiver were provided, and a second set of two samplers for that second receiver, timed equiv- 
alently to the first set for the first receiver, then It is noted that the apparatus shown in Figure 5 could be employed to 
implement the timing of the second realization without modification. 

[0087] However, in one typical practical preferred embodiment in fact six receive antennas are employed, again with 
two samplers per antenna, and with in total two transmit antennas. The analogous apparatus as foreshadowed in 
Intematiorial Patent Application No. PCT/GB90/00602 would have two transmit antennas, six receive antennas and 8 
range gates per antenna. It would hence require 48 pulse generators, 48 samplers, 48 AF processing units and a data 
bandwidth proportional to 48. The second preferred realization of the present invention would by contrast require 4 
pulse generators, 12 samplers (2 per receiver together now forming 8 range gates) and 12 AF processing units, and 
a data bandwidth proportional to 12, which is again one quarter of the prior art bandwidth. 

[0088] If 4 pulse generators were provided, then each pulse generator would generate timing signals for 3 samplers 
respectively coupled to 3 of the 6 receive antennas. However, in order to provide controlled differentiaf timing across 
all 6 antennas it would be preferable in fact to employ a single pulse generator across alt the receive antennas, and 
more preferable still to employ a single pulse generator to trigger all the samplers, so that preferably only one pulse 
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generator in total is provided. With reference to the schematic representation shown in Figure 5. this would be achieved 
by replacing the pulse generators PG1 and PG2 by a single pulse generator triggered at 16 rather than 8 MHz. The 
pulse generator would either be provided with switching means to trigger the first set of samplers (SI, S3, S5. 87, 89 
and S11) on odd numbered cycles and to trigger the second set of samplers (82. 84, SB. 88, 810 and 8 12) on even 
numbered cycles, or else pulses of alternating polarity would be generated, and the samplers would be configured to 
operate on only one of the two polarities. This last is the most preferred configuration. However the samplers are in 
fact controlled between these three possibilities, the data bandwidth is still proportional to twelve. 
[0089] The distribution network from the pulse generator to the sampler contains no components giving rise to varying 
differential delay or any reflections that are sufficient to re-trigger a sampler. Such is the case when the distribution is 
accomplished by a tapered transmission line where width provides a change in impedance at each sampler connection 
such that the impedance of the sampler in parallel with that of the output distribution line is the same as the input line. 
[0090] In the timing diagram of Figure 8, the minimum separation between real and ghost range gates superposed 
in a single channel is 9.5 m. It has been found empirically that typical target responses are of a length corresponding 
to 1.2 to 1.7 times the target length and so the system here illustrated is suitable for targets of length up to around 
S.Sm. |p order to ensure that therghost range gates described in Figure 8 coriform to this separEition constrairit. it is 
necessary that a single transmitter is switched between the two transmit antennas. This is because, as with the sam- 
plers, the tum-on time of the transmitter from the trigger signal is uncertain to a few nanoseconds and more precise 
control than that is required for the present purposes. 

■ Third Preferred Reatlzatlon 

[0091] .: A third preferred realization of the present invention Is illustrated in Figure 9. In this case, the samplers are 
triggered at a multiple of the transmitter trigger rate, with alternate sampling pulses forming different range gates. Figure 
• 9 illustrates the example of a single transmitter system running at 8 MHz with a sampler running at 16 MHz. In this 
case, exactly the same range gates are formed as in the first and second realizations, namely at 9.14, 18.67. 28.19 
and 37.72 m (assuming a furthest range of roughly 38 m). However, Jn the present realization, the first trigger of the 
sampler (represented by a solid line) produces the first and third ranges while the second (represented by a double 
dotted line) produces the second and fourth range gate, and so on alternating pulse to pulse! -.'-J^-r , 

[0092] The third realization has the disadvantage by comparison to the second realization of producing half the 
signal-to-noise ratio of the earlier realizations where each firing of the sampler forms all range gates simultaneously 
(that is, for a given range gate, only half the number of transmit pulses contribute to the output). However, it has the 
advantage that the transmit pulse repetition rate is lower, which may be important where hard>rare restraints: aria im- 
posed on that rate. Also, one rather than two samplers is required per receiver. 

Fourth Preferred Realization 

[0093] A fourth preferred realization of the present invention is now described. One way of viewing the concept 
underlying the preceding realizations is to observe that, in contrast to the prior art apparatuses referred to, the multiple 
range gates are formed in a single data channel. The present realization achieves this, but avoids employing multiple 
pulse in flight techniques (that is, where more than one transmit pulse is in the detection volume at one time). With 
reference to the prior art kriown shown in Figure 2, in the fourth preferred realization the sampler outputs 81. 62, S3 
and S4 are summed at the output of the sampler and processed in a single audio frequency processing channel. In 
this way, the data rate reduction of the other realizations is achieved. However, the noise bandwidth of the apparatus 
is inversely proportional to the pulse repetition frequency so that, for the same transmit pulse power, the multiple pulse 
in flight techniques deliver enhanced signat-to-noise for a given target at a given range. 

Fifth Preferred Realization 

[0094] A fifth preferred realization of the present invention of the multiple range gates in a channel typically pulses 
the transmitter faster than the sampler, but adjusts the amplitude of the transmit pulse pulse-to-pulse. The purpose of 
this is to use a larger transmit pulse corresponding to long ranges and a smaller transmit pulse corresponding to short 
range gates. This has the benefit of limiting the dynamic range of the signals going through a sampler. Advantageously 
the power amplitude is modulated according to the inverse of the fourth power of range, corresponding to the attenuation 
of the return signals. 

[0095] A possible timing diagram for the fifth realisation is illustrated in Figure 10. In this case, two transmitters are 
run from two independent clocks and switched into the transmit antenna alternately, with the first transmitter connected 
through an attenuator or simply being of a lower power. Another possible realization of the same ultimate function 
would be to connect the transmitter output to a long delay line with attenuation. In this case, the transmit antenna would 
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see an Initial pulse and then a further smaller pulse at a delay determined by the length of the delay line. 
[0096] If the furthest range is again assumed to be roughly 38 m, then "real" gates from low power pulses are formed 
at delays of 60 and 1 85 ns, corresponding to ranges of 9. 1 4 and 28. 1 9 m. "Ghost" gates are formed from higher power 
pulses at delays of 122.5 and 247.5 ns, corresponding to ranges of 18.67 and 37.71 m. Hence the furthest gate is 
formed from a higher power pulse than the nearest gate. 

[0097] The concept of modulating the amplitude of the transmit pulses can of course be applied in various ways, and 
is not restricted merely to the timing diagram shown in Figure 10, 

[0098] For example, the amplitude of expected returns varies as the inverse square of range. Thus, in the case of 
Figure 10, If the sampling delay with respect to the small transmit pulse were t and that with respect to the large pulse 
2t then the preferred relative amplitude would be that the large pulse would be four times the amplitude of the small 
pulse. This can be generallset^. Hence, with for instance lour transmit pulses transmitting in a single sampling p riod, 
if the delays from transmitter to sampler were t. 2t, 3t and 4t then the preferred corresponding voltage amplitudes would 
b proportional to 1, 4. 9 and 16 respectively. In such cases, the sampler is preferably only activated once in each 
cycle of four transmit pulses. 

£0099] A further realization analogous to the fifth realization is to provide a number of samplers of different sensitivity 
(or even vary the sensitivity of the same sampler). 

PROCESSING FOR THE PRESENT INVENTION 

[0100] The data derived from the samplers naturally requires processing in order to derive information donceming. 
for instance, the trajectory of the target, the nearest miss distance, and so on. In the preferred embodiments initial 
processing is carried out in the data processor 34 on board the aircraft, whilst final processing is carried out in the 
audio-frequency range at the ground station 38, typically by means of computer software implemented in a control 
computer 50 forming part of the ground station. Alternatively, such final processing could be carried out oh board the 
aircraft. 

[0101] Details of the requisite processing are now provided. 

D t rmininq the Target Trajectory from Range Gate Crossings 

(a) Petectingithe characteristic 

[0102] For a target that approaches the object (aircraft) monoton leal ly and then recedes the apparatus as foreshad- 
owed in International Patent Application No. PCT/GB90/00602 yields signals at the various range gates for a single 
receive antenna like those shown in the diagram of Figure 11. Ttie diagram (not to scale) illustrates at the bottom of 
the page the signal at the furthest range gate and at the top of the page the signal at the nearest gate. As the target 
passes through the gate, the gate is disturbed and then goes quiet until the target flies out again. Figure 11 shows the 
characteristic hyperbolic range time curve corresponding to the target trajectory. 

[0103] One preferred embodiment of the present invention also accomplishes detection of a target by. detecting the 
characteristic hyperbola, as is now described. 

[0104] With the apparatus of the present invention as described above, the range gates for a single receive antenna 
for a corresponding trajectory will yield signals like one of the two channels shown in Figure 12. The signals received 
at two receive antennas are shown since this is needed to explain the processing- The particular realization illustrated 
is the first realization, namely apparatus with a single transmitter running at 16 MHz and a sampler also running at 16 
MHz (as in the timing diagram of Figure 7). The figure (which is not to scale) illustrates the superposition of the signals 
at different ranges in one channel. As with Figure 11, as the target passes through the gate, the gate is disturbed and 
then goes quiet until the target flies out again. Nonetheiess, the Information content is equivalent to that in Figure 11, 
and the same hyperbolic pattern is derived by de-interleaving the signals, that is, separating out the channel information 
for each range gate. The de-interleaving procedure is described in sub-section (c) bebw. 

(b) Us of cost function to resolve ambiguities caused by the multiple pulse In flight technique 

[0105] A second challenge that arises from the sensor enhancements is that each sampler develops a set of range 
gates and it may not be clear when the cut-off occurs. Specifically, a return signal detected by a sampler is not unam- 
biguously associated with a particular range gate; it may be from any range gate generated by that sampler. A possible 
way of distinguishing signals from different range gates might be by assessing their relative amplitudes, but such a 
technique would not usually be particularly reliable. 

[0106] To exemplify the ambiguities, reference Is now made to the first realization illustrated with referenc to the 
timing diagram of Figure 7. The single sampler develops range gates at approximately 9. 1 8, 27, 37, 46, ... m (dependent 
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of course on the furthest detectible range). Now the question arises as to how the apparatus can reliably tell the dif- 
ference between a situation where the target crosses three range gates at for example 27, 37 and 46 m and the on 
where it crosses the range gates at 18, 27 and 37 m and Is not seen at 46 m because for the particular target size the 
signal was too weak to detect Indeed, of course, as a third alternative the target may only be seen at the three innermost 
range gates. 

[0107] Such a problem is resolved by determining which of the possibilities most closely matches the characteristic 
hyperbola of the engagement. 

[0108] The pattern matching technique described in International Patent Application No. PCT/GB94/00738 could be 
used to detect the characteristic hyperbola. Note that in this case there will be ghost hyperbolas but that the correct 
one will be formed from the maximum number of events and hence can be distinguished from the other such hyperbolas. 
[0109] However, with the present invention it is preferred to use a cost function, of the form as now discussed. Where 
the target motion is approximately a straight line the range time curve corresponds to a hyperbolic trajectory:- 

r^=(rO^+vVtO)V (1) 

Hence we can define a cost function C, where 

C=r^-(iO^ + V VtO)^) (2) 

where v is the relativei speed of the target, t is time, tO is the time of closiei^t approach, r is range and rO corresponds 
to the distance of closest approach which is attained at tO. It will be understood that the value of the cost function is 0 
if the target trajectory is a perfect hyperbola aniii greater if not. This solves the problem because, although the gate 
separations are the sanie for any tripliet, the squares of the range are very different for different tradks. So the method 
employed to resolve the ambiguity is to solve equation (1) for rO and v for the various possibilities bf range gates 
crossed and then pick the solution with the lowest cost function (equation (2)) searched over the srnall number of range 
gatti^'l!>ossibiliti6S. Fdr instance, irt the case citisd above, C would be evaluated for the three pbssibil^^^^ ham ly ranges 
of 9, 18 and 27 m, or 18. 27 and 37 rn, or 27. 27 and 46 m. The configuratioiri wHibh yrefded this m'^^^ of C 

over the three possibilities would be 'chose^^ r^'-. ^ . : » ...a-, ..j... 

[0110] If the target only apiprbaches the object, but does not recede, 'then the characteristrc hyperbola caririot be 
detected. However/the range gate ambiguities can in this case be resolved from a knowledge of the tirhe at^ich the 
data stream stopped. 

[0111] It should be emphasised that the cost function is being used only to make a coarse distinction between the 
various range gates, merely to resolve the range gate ambiguity. It is not being used to provide a detailed assumption 
about the trajectory of the target. Hence the present invention can cope with any plausible target trajectory, and need 
not be limiteid to a hyperbolic target trajectory.. 

(c) De-inter leaving 

[0112] In this sub-section is taught how the techniques taught in the prevbus two sections are used to achieve de- 
interleaving of the signals to separate the information for each range gate. 
[0113] The de-interleaving may be carried out in a number of ways including, firstly:- 

(a) detecting the high amplitude signal and then the quiet zone following it and then the next signal, and so on; and 

(b) duplicating the channels to form the expected hyperbolas. 

[0114] The second possibility is illustrated in Figure 13. where the signal from one receiver (say of the third r alization 
illustrated with reference to Figure 10) is duplicated 4 times. 

[0115] With reference to the first of these ways, and in more detail, the de-interleaving operates with the following 
steps:- 

(1) Individual target return signals are identified by thresholding, such that return signals above a given threshold 
and with appropriately long quiet zones are identified as return signals from the target (as per step (a) above). 

(2) The timings of the mid'points of each of the individual return signals ar stored. 

(3) The channels are then duplicated (as per step (b) above). 

(4) The characteristic hypeibola Is fitted to the various individual return signals, as duplicated, with the cost function 



13 



EP 0 853 768 B1 



as described In sub-section (b) above being used to determine the range/velocity pattern that gives the best fit to 
the channel data. In the cost function, velocity v is evaluated from the (known) physical separation of the range 
gates and the timing interval between the relevant Individual return signals. 

(6) The correct range gate Is evaluated from the best hyperbolic fit. Hence the result of the de-interleaving process 
5 Is a determination of the timing of the mid-point of the relevant individual retunri signal, together with Its range gat 

value. 

D termininq Positional Information from the Differential Delay 

70 (a) Determining the positionaiinformation 

[0116] In the; previous section, one way of determining, positionai information for the target hks been desbribed, 
namely by determining the target trajectory from range gate crossings. This is not a realtime technique since ft requires 
the evaluation of a cost function once a number of gate crossings have been detected. In the present section, further 
IS techniques for determining positional Informatidri for the target are discussed. One of these is a true real time technique. 
[0117] If the hardware enhancements constituting part of the present Invention (in other words the fleatuires of the 
apparatus as described above) merely combined range gates in the same basic hardware by use of multiple pulse in 
flight techniques then this would produce a cost benefit but would not address the problem of having a low cost sensor 
which can be mounted on a very compact object . 
20 [0118] The requirement for such a low cost sensor mounted on a very compact object is addressed by th first 
Important feature of the invention as described above, which uses a common pulse generator for each sampler across 
all r ceive antennas. In a preferred ernbodiment the lengths of the tracks from the pij|se generator to the sampler are 
all the sarne. Figure 4 shows a range.gate at the same delay for; pffset receive antennas. In fact, a given differential 
<jelay puts the missile on a hyperboioid whoset foci are at the tWo receive antenrtas. In the case where th rang gate 
2S range is much larger than the spacing between the antennas, this hyperboioid is approximately a cone whose axis Is 
the line joinirig the two antennas and whose semi^ngle is determined by the differential delay. Combining this knowl- 
' Jedge with the known range of the range gate places the target on the inter-sectipn of a sphere and a cone, which Is a 
circle, as sho\rt^ in Figure 4. This; knowledge can in turn provide u^^ful information cqncenriing ppsiJionaLinfornriation 
- .; /cqpcerhing tfteofc^ . '.-•v.;,;. is; -:.:V.o- .-i^^: 

3d' " fofiS] Altematlvely'or additionally^ by combining the results from different receiver pairs the positlori of the mlssll 
,j;jap.. be triangulated.. This requires at lea^t three non-copianar receiver pjairs to define the missile position iin ithree 
"diirri^nsipns. •;. ..^^ -'y - 

[bl2di Triangulatbn can be achieved as follows. It Is noted th9t, strictly speaking, the following analysis is valid only 
when the range gate del^y is large conipared to the antenna separatbn so that the normals parallel to the two range 

3S gates of interest are parallel and coincide with the centre of the range gate (in preferred embodiments the antenna 
separation may be 0.3 m while the nearest range gate may be at 7 m so that this is easily achieved). It can be s en 
that the accuracy of the angular position of the target is dependent on the angular separation of the normals. If the 
normals were, say. 5^ apart, this might give rise to an approximately 2.5° uncertainty in the angular position of the 
target, which would usually be acceptable. If the likely uncertainty were larger then the problem might be resolved by 

40 using more receivers. 

[0121] For range gates at the same delay for each receive antenna, using the notation given In Figure 4:- 

v.n 5t = 6R.n (3) 

(This is true for both monostatic and bistatic systems. ) It should be noted that 5t is the differential time delay as measured 
between two paired receive antennas. Also, the vector n is by definition a unit vector. Hence the scalar product v.n is 
equal to the separation of the range gates at the particular unknown value of Q. 
[0122] So for 3 receiver pairs we will get 3 equations like (3) namely 
so . 

v.n5t^=5R,.n (4) 



55 



v.n 5t2 = 5R2.1 



(5) 
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v.n Stg = SRg.n (6) 

it is noted that with four receivers arranged in a tetrahedral cluster in fact up to 6 receiver pairs and hence 6 values of 
6t may be obtained. In any event. In vector form the above three equations can be written as 

v.n T = R n (7) 

where t is a column vector of the three values of 6tj and R is a three by three matrix of the vectors 5R|. If the four 
receivers are not coplanar then R will be an tnvertible matrix and so > 

v.n=1/IR"Nl (8) 

and the vector n is parallel to R-^x, as can be seen from the fact that v.n in equation (7) is a scalar quantity. 
[0123] Since the vector n is parallel to R'^ x, evaluating R*^ x (without needing to evaluate v.n) thus yields the direction 
of the target as a unit vector. The position of the target is then given by the range of the relevant range gate as determined 
by detecting the characteristic hyperbola (as described in the previous section) and the three dimensional direction n. 
Thus the position can be defined through triangulation once T has been derived. In turn, the normal component of the 
velocity of the target can now be evaluated from equation.(8). Furthermore, given a timed succession of target positions 
and a trajectory (such as a hyperbolic trajectory) which fits these positions, the true target velocity at any point can 
also be evaluated. Determination of velocity is discussed in more detail in sub-section (d) below. 
[0124] In three dimensions, triangulation can be carried out. as described above, effectively by evaluating three 
independent angles and one range value, in this case, the process would not be considered to be real time, because 
a range value is required, and this entails a resolution after the event of the range gate ambiguity 
[0125] However, alternatively triangulation can be carried out in three dimensions purely by evaluating four inde- 
pendent angles. In this case, the triangulation process can be conducted in real time; in parlicular rt do s not requir 
any resolution of the range gate anibiguity: Triailg6iatl6^ wdiild be ciarried oirt by evaluating a fdiiith equatton analogous 
to equations (4) to (6). p • . - 

[0126] In certain practical situations it may of course be iniportant to evaluate the target trajectory both from rang 
gate crossings and from the triangulation process, and to compare the two, for grieater certainty. 

(b) D termining the differential deiay 

[0127] The manner In which x is determined is now described in detail. St^ , for example, is derived by correlating the 
two receiver outputs at each range (FR1(t) and FR2(t)) as shown in Figure 12. The signals shown illustrate a typical 
situation where the signal backscattered consists of a peati from the front of the target and another return signal from 
the back of the target. The de-interleaving process has isolated the 7 discrete signals for each receiver. These may 
then be correlated across the two channels FR1 and FR2. 

Hence the autocorrelation function J FR1 (u).FR2(t-u) du (9) 

is evaluated to determine the value of t corresponding to the peak correlation and hence to define the required differ- 
ential delay. 

[0128] The maximum correlation for each signature will occur when the signatures line up In time so that the value 
of the delay St^ at which the correlation between the first signal in FR1 with the first signal in FR2 Is maximized must 
be determined. This may be accomplished by a simple search procedure because it is known that the maximum delay 
between the signals is the antenna separation and so the autocorrelation function only has to be searched over a very 
narrow range, which is convenient given that its evaluation is fairly computer intensive. Thus for each range gate a 
differential time can be derived for both the front and the back of the target. Also, as stated previously, in solving 
equation (8) the normal component of velocity at each range gate can be evaluated. 

(c) Determining attitude 

[0129] Given that the position of the target can be evaluated (as taught abov ) a further challenge is to derive the 
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attitude of the target, in order to do this the vector velocity of the target relative to the apparatus needs to be known. 
This can be derived as illustrated in Figure 14. Figure 14 shows part of two concentric range gates at a receiver where 
the position of the front (nose) and back (tall) of the target has been derived at the times that the respective feature 
crosses the range gates. Hence the positions of the nose respectively at range gate 1 and range gate 2 are denoted 
as xn1 and xn2, with corresponding crossing times tn1 and tn2, whilst the equivalent positions of the tail are xtl and 
xt2 at crossing times tt1 and tt2. Thus an estimate of the target velocity is 

v = (xn2(tn2)-xnl (tnl ))/(tn2-tn1 ) (1 0) 

A consistency check is afforded by deriving the velocity of the back of the target in the same way and checking the 
difference in the values against an allowed limit. 

[01 30] Once this has been done the position of the front of the target can be derived at time tt1 when the back of the 
target crosses the range gate; hence 

^ (11) 
Then the attitude of the target is by definltlpn 

att = xri1(tt1)-xt1(tt1) (12) 

or more commonly the attitude lis defined by a unit vector in the direction of att. . 
(d) D terminlng velocity 

[0131] In the prqf^TOd configuration^ w^ least 4 non-coplanar antennas detecting t^ a- range gate the 

Vjploc ity ;np|mai;tp th 

situations, w^er© multiple range gates are employed the target may be detected with all of the antennas at some rang 
gatej$ and^/iot all of the .antenna^ in pther^. In such a case, for situations where the target rriotlpn is pre-determined, 
an estimate of hon^ velocity at each, range. can be obtained from the solution to the hyperbolic fit of equation (2). 
This can be used to convert the diffepential delays Inferred from the correlation process defined by solving equation 
(9) to delays in range by dividing by the normal velocity and one can then solve for angle as previously described. 
[01 32] A subsidiary possibility is to employ apparatus where, for a single receive antenna, there are two rang gat s 
at very simiiar ranges and controlled differential delay (prelerabiy within 150 mm. more preferaiply within 25 mm). This 
can be realized simply from the first feature of the invention described above by triggering the two samplers from the 
same pulse generator but employing a delay line of the required length to delay the trigger to the second sampler. In 
this case, cross-correlating the two range gate outputs would yield a time delay which from the known range separation 
would yield the normal velocity through the range gate. This value could then be used directly in equations (4), (5) and 
(6) to evaluate the target position. 

[0133] The back scattered frequency of the signal is given by the doppler effect and is proportional to the normal 
velocity of the target, so by measuring the frequency or period of the backscatter a further estimate of velocity can be 
made. Likewise, this can be derived from the period of fluctuation in the output of the cross-correlation as computed 
in equation (9). 

Polarisation Processing 

(a) Effect of polarization 

[0134] In general, the apparatus measures the differential delay of a transmitted radar pulse reflected from a target 
and received at two or more receivers as the target crosses a "range* gate defined by the sampling time d lay after 
transmission. The differential timings from a number of receiver pairs can be used to determine simultaneously the 
position of the target in space and the component of its velocity normal to the range gate. 

[0135] In the ideal situation as discussed above the received target signature is the same at all receivers and the 
differential delay can be determined by a straightforward correlation process. The accuracy of the diff rential timing 
estimate obtained by correlation processing depends primarily on the signaMo-nolse ratio. 

[0136] Practical experience of other types of such impulse modulated electromagnetic sensor systems shows that 
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for polarised orpartially polarised transmitted pulses, the target signatures have co-polar and cross-polar components 
which are dependent on the target orientation. Thus, the measured signature depends on the alignment of the transmit 
and receive antennas and on the target orientation. Fortunately, the dynamics of the target and the relatively short 
distance between the different receive antennas used by the apparatus mean that target orientation cannot change 
significantly in the time between detections at different antenna sites. 

[0137] However, rt is clear from this discussion that the ideal situation envisaged above can onty be realised if th 
receive antennas are mounted on the vehicle equipped with the apparatus In such a manner that their sensitivity is 
identical for all polarizations. For example, the antennas could be identical, oriented parallel and both mounted on a 
flat ground plate. 

[0138] This would be impossible on many potential targets as the antenna and ground plane orientation ar d ter- 
mined by the curvature of the body. 

(b) Processing to mitigate the polarization problem 

..[0139] As discussed above, the target signature as measured by two different receive antennas will be different, and 
it will therefore not be possible to make a meaningful differential time measurement using only two antennas. However, 
. if the antennas have a linear polarization response (that is, the response to a unipolar signal varies as cos(e) where 9 
is the angle between the plane of polarization and the antenna axis, of sensitivity), then the signature measured at each 
antenna will be given by: 

yj(t)-ajSi(ti5ti) + bjS2(t^^t,)+^^^ (13) 

where Si(t) and S2(t) are the two independent polarization components of the reflected target siignature. aj and b} are 
the corresponding cbupltng coefficients for each individual antenna, 5t| is the antenna time delay.^ and nj(t) is the noise, 
which for the purposes of the present discussion is assumed independent in each receiver channel. 
[0140] If three or more antennas are used, then the non-linear system of equations (13) for the set of antennas is 

: over constrained and can be solved for the Stj. Note that there is some redundancy in the system associated with the 
arbitrary choice ofitimeorigin and polarization axes.-l^fs^edunddnGy-G^n fae removed by settirig'^vi -, = 0; a, = 1, b, =0, 
[0141] One direct algorithm forsolving this problem when evaluating the differential delay by the correlation process 

j described above is to fdrrh the correlation of y, with the othier yj andlorm the residual after subtracting the iorrelat d 
part. The resulting signal with the greatest amplitude Is then an estimate of the liheatrly independent component of s^ 
(t), appropriately delayed. A simple search in time can then be done to find the channel delays which give the smallest 
residual error after the fitting to a linear combination of s^ and S2. 

[01 42] In summary, the preferred embodiments of the present invention are based on improvements to the electronics 
and processing algorithm to enable the three dimensionat position of the target to be measured at a sequence of times 
so that the motion of the target can be unconstrained. This enables there to be provided three dimensional position 
measurement of similar accuracy to that achievable with the prior art apparatus from very small vehicles (in particular 
antenna separations of less than 1 m) at reduced cost. The particular apparatus has other operational advantag s 
such as there being no requirement for detailed prior knowledge of the backscattered signal from targets and there 
being a great reduction in the volume of data that the sensor produces to be processed. Where the data is radio-linked 
to a ground station this yields the advantage of limiting the required telemetry bandwidth. 



Claims 

1 . Apparatus for determining positional information for an object, comprising: 
means (22) for transmitting a probe signal towards the object; and 

means (26,28) for receiving, at a plurality of spaced apart locations, the probe signal as returned by the obj ct; 
characterised by: 

detecting means (S1,S2;S3,S4). coupled to the receiving means (26,28), for detectlng.the relative timing of 
the returned probe signals as received at the plurality of locations; 

whereby the positional information for the object can be determined from said relative timing. 
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2. Apparatus according to Ciaim 1 including means for determining the positional infonmation for the object from said 
relative timing. 

3. Apparatus according to Claim 2 wherein the determining means is adapted to determine the angular position of 
the object. 

4. Apparatus according to Claim 2 or 3 wherein the determining means is adapted to determine the positional infor- 
mation by triangulation. 

5. Apparatus according to Claim 4 wherein the determining means is adapted to determine a trajectory for the object 
by triangulating at a plurality of discrete times. 

6. Apparatus according to any of the preceding claims wherein the detecting means. (S1,S2;S3,S4) is adapted to 
detect the returned signals at a given minimum range from the apparatus, the angle mutually subtended by the 
locations at that minimum range being less than 1 0^ preferably less than 5, and more preferably less than 3 degrees. 

.7. Apparatus according: to any of the preceding.:Clalms wherein the detecting means (S1;S2;S3iS4) is adapted to 
detect the relative timing of the returned signals by cross correlating between them. 

8. Apparatus according to any of the preceding claims wherein the probe signal takes the form of a pulse of a given 
duration, and the detecting means (S1 .S2;S3,S4) is adapted to detect the relative timing of returned signals which 
are received within twice such given duration, preferably within once or one half said given duration. 

9. Apparatus according to any of the preceding claims wherein the detecting means {S1,S2;S3.S4) is adapted to 
detect the relative timing of returned signals which are received within 3, 2 or 1 ns or 500, 250 or 100 ps of each 
other. 

. 10- Apparatus according to any of the preceding claims wherein the detecting means (SI, S2: S3. S4) is adapted to 
detectjthe^relative4irn|ng of returne^^^ signals whiph. are re^eiv^d^s simultaneously; 

11. App.aratus.according to any of preceding claim&f wherein the detecting (SI . S2;S3,S4) and receiving means 
(26,28) are-adapted such that the uncertainty in said relative tuning is less than 100^ 50, 20, 10 or 5 ps. 

1 2. Apparatus according to any of the preceding claims wherein the receiving means (26,28) includes means for limiting 
the power of the probe signal as received. 

13. A method of determining positional information for an object, comprising: 

transmitting a probe signal towards the object; and 

receiving, at a plurality of spaced apart locations, the probe signal as returned by the object; 

characterised by: 

detecting the relative timing of the returned probe signals as received at the plurality of locations; 
whereby the positional information for the object can be determined from said relative timing. 

14. A method according to Claim 13 including the step of determining the positional information for the object from 
said relative timing. 

15. A method according to Claim 14 wherein the angular position of the object is determined. 

16. A method according to Claim 14 or 15 wherein the positional information is determined by triangulation. 

17. A method according to Claim 16 wherein a trajectory for the object is determined by triangulating at a plurality of 
discrete times. 

1 8. A method according to any of Claims 1 3 to 1 7 wherein the probe signal tak s the form of a pulse of a given duration, 
and the relative timing is detected of retumed signals which are received within twice such given duration, preferably 
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within once or one half said given duration. 

19. A method according to any of Claims 13 to 18 wherein the relative timing is detected of returned signals which are 
received within 3, 2 or 1 ns or 500, 250 or 100 ps of each other. 

20. A method according to any of Claims 13 to 19 wherein the relative timing is detected of returned probe signals 
which are received substantially simultaneously. 

21. A method according to any of Claims 13 to 20 wherein the uncertainty in said relative timing is less than 100. 50, 
20, lOor 5ps. 

. 22. A method according to any of Claims 1 3. to 21 wherein the returned signals are only delated at given range gates, 
and the gate separation is greater than 1 , preferably greater than 1 .2 or 1 .5, and more preferably greater than 1 .7, 
times the maximum dimension of the object taken in a direction towards any of said spaced apart locations. 

23. A method according to any of claims 1 3 to 22; wherein in the transmitting step pulsed probe signals are transmitted 
towards the object at a selected pulse repetition frequency, a measure of the inverse of said frequency defining a 
pulse repetition-frequency path length for the signals; . . . : • 

in the detecting step a path length for the signals greater than which the object cannot be detected defines a 
maximum detectlble path length; and 

the pulse repetition frequency being selected such that the pulse repetition frequency path length is less than 
the maximum path length. 

24. A method according to Claim 23 wherein the maximum path length is greater than twice, and preferably greater 
than three, four or five times, the pulse repetition frequency path length. 

25. A method according to Claim 23 or 24 wherein the pulse repetition frequency path length is greater than two times, 
arid preferably greater than three or even four times, the maximum dimension, of the object taken in a direction 
towards any of said spaced apart. kx^ations. ^ . . :. '\ ■ 

26. A method according to any of Claims 23 to 25 wherein the returned signals are detected at a given sampling 
frequency.. 

27. A method according to Claim 26 wherein one of the pulse repetition frequency and the sampling. frequency is an 
integral multiple of the other. 

.28. A method according to any of Clainris 23 to 27 wherein probe signals of different relative amplitude are transmitted. 

29. A method according to any of Claims 23 to 27 wherein the probe signals are all of the same amplitude. 

30. A method according to Claim 29 wherein the probe signals are all identical. 

31. A method according to any of Claims 23 to 30 wherein the returned signals are detected at a plurality of distinct 
range gates, using a number of detectors which is less than the number of range gates. 

32. A method according to any of Claims 1 3 to 31 , further comprising: 

generating a detecting timing signal at a delay after a given probe signal transmission time, corresponding to 
at least one selected r^nge for the object; and 

providing a plurality of detectors, each one detecting the returned probe signal as received at a respectiv 
one of the locations in response to a common detection timing signal. 

33. A method according to Claim 32 wherein in the generating step a pulse generator is provided, a single such gen- 
erator generating the common timing signal. 

34. A method according to Claim 32 or 33 wherein a plurality of sets of detectors is provided and a plurality of common 
detection timing signals is generated, a respective one for each set of detectors. 
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35. A method according to any of Claims 13 to 34. wlierein the probe signal comprises a plurality of pulsed signals. 

36. Apparatus according to any of Claims 1 to 12 further comprising means for generating a detection timing signal at 
a delay after a given probe signal transmission time, corresponding to at least one selected range for the object; 
and wherein the detecting means comprises a plurality of detectors, each one for detecting the returned probe 
signal as received at a respective one of the locations In response to a common detection timing signal. 

37. Apparatus according to Claim 36 wherein the generating means comprises a pulse generator (PG2), a single such 
generator being used to generate the common timing signal. 

38. Apparatus according to Claim 36 or 37 wherein the detecting means (S1,S2;S3,S4) comprises a pfurafrty of sets 
of detectors and the generating means is adapted to generate a plurality of common detection timing signals, a 
respective one for each set of detectors. ~ 

39. Apparatus according to any of Claims 36 to 38 wherein no more than two detectors are provided for detecting the 
retumed probe signal as received at any one of the locations. ^ ' ^ . 

40. Apparatus according to any of Claims 36 to 39 including means for distinguishing from the output of the detectors 
information concerning different ranges. 

41. Apparatus according to any of Claims 36 to 40 wherein the generating means is adapted to generate different 
kinds of detection timing signals. 

42. Apparatus according to any of Claims. 1 to 12 or 36 to 41 . wherein the probe signal comprises a plurality of pulsed 
signals. 

Pat ntansprOphe 

1. Vorrichtung zum Bestimmen von Positlonsinfornriation fur ein ObjeW^ 

einef Einrk:htung (22)Vum ein Tastsignal zum Objekt hin za 

Einrichtungen (26, 28) zum Empfangen; bei einer Anzahl von zueinander beabstandeten Standorten. des 
Tastsigna/s. wie es von dem Objekt zurucki<ehrt; 

gekennzeichnet durch 

eine Detektronseinrichtung (Si, S2; S3, S4). die mrt den Emplangseinnchtungen (26, 28) gekbppelt sJnd. urn 
die Zeitdifferenz zwischen den zuruckgekehrten Tastsignalen. wie sie bei der Anzahl von Standorten empfan- 
gen werden, zu detektieren; 

wobei die Positionsinformation fur das Objekt aus der Zeitdifferenz bestimmt werden kann. 

2. Vorrichtung nach Anspruch 1. mit einer Einrichtung zum Bestimmen der Positionsinformation fur das Objekt aus 
der Zeitdifferenz. 

3. Vorrichtung nach Anspruch 2, bei der die Bestimmungseinrichtungausgelegt ist, um die Winkelposition des Objekts 
zu bestimmen. 

4. Vorrichtung nach Anspruch 2 Oder 3, bei der die Bestimmungseinrichtung ausgelegt ist, um die Positionsinforma- 
tion durch Triangulation zu bestimmen. 

5. Vorrichtung nach Anspruch 4, bei der die Bestimmungseinrichtung ausgelegt ist, um eine Trajektorie fur das Objekt 
durch Triangulleren zu einer Anzahl von diskreten Zeitpunkten zu bestimmen. 

6. Vorrichtung nach einem der vorhergehenden AnsprOche, bei der die Detektionseinrichtung (S1 , S2; S3, 84) aus- 
gelegt Ist, um die zuruckgekehrten Signale In einer vorgegebenen Mindestentfernung von der \ADrrichtung zu de- 
tektieren, wobei der Winkel, der von den Standorten in der genannten Mindestentfernung eingeschlossen wird, 
weniger als 10, vorzugsweise weniger als 5. und noch vorzugsweiser w niger als 3' betragt. 
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7. Vorrichtung nach einem der vorhergehenden Anspruche, bei der die Detektionseinrtchtung (SI . 82; S3, 84) aus- 
gelegt ist. um die Zeitdifferenz zwischen dem zuruckgekehrten Signale durch Kreuzkorrelieren zwischen diesen 
2u detektieren. 

8. Vorrichtung nach der vorhergehenden AnsprOche. bei der Tastsignal die Form eines Impulses von einer vorgege- 
benenZeitdaueranntnnmtund beiderdre Detektlonseinrk:htung (S1. S2; S3. S4) ausgelegt ist, um die Zeitdifferenz 
zwischen zuruckgekehrten Signalen zu detektieren, die innerhalb des Zwerfachen der so vorgegebenen Zeitdauer 
empfangen warden, vorzugsweise innerhalb des EInfachen oder der Halfte der vorgegebenen Zeitdauer 

9. Vorrichtung nach einem der vorhergehenden AnsprOche. bei der die Detektionseinrichtung (S1, S2; S3. S4) aus- 
gelegt ist, um die Zeitdifferenz zwischen zurOckgekehrten Signalen zu detektieren, die innerhalb von 3, 2 Oder 1 
ns Oder 500, 250 Oder 1 00 ps voneinander empfangen werden; . 

.10. Vorrichtung nach einem der vorhergehenden Ansprdche, bei der Detektionseinrichtung (SI . S2; S3, 84) ausgelegt 
ist. um die Zeitdifferenz zwischen zurQckgekehrten Tastsignalen zu detektieren, die im wesehtlichen gletchzertig 
empfangen werden. 

11. Vorrrchtung nach einem der vorhergehenden AnsprOche, bei der die Detektlons- (S1 , 82; S3, S4) und Empfangs- 
einrichtungen (26, 28) ausgelegt sind, so dass die Unscharfe der Zeitdifferenz weniger als 100, 50, 20. 1 0 Oder 5 
ps betragt. 

12. Vorrichtung nach einem der vorhergehenden AnsprOche bei der die Empfangselnrichtung (26, 28) Einrichtungen 
zum Begrenzen der Leistung des Tastsignals, wie es empfangen wird, umfasst. 

13. Verfahren zum Bestimmen der Positionsinformation fflr ein Objekt, mit den folgenden Schritten: 

ein Tastsignal wircf zu dem Objekt hin ausgesendet; und 

bei einer Anzahl von zueinander beabstandeten Standorten wird das Tastsignal empfangen, wie es von dem 
Gbjekt zuruckkehrt; 

dadurch gekennzeichnet: 

dass die Zeitdlifferenz zwischen den zurQckgekehrten Tastsignale detektiert wird, wie sie an der Anzahl von 
Standorten empfangen werden; 

wobei die Positionsinformation fOr das Objekt aus der Zeitdifferenz bestimmt werden kann. 

14. Verfahren nach Anspruch 1 3. das den Schritt umfasst. dass die Positionsinformation fur das Objekt aus der Zeit- 
differenz bestimmt wird. 

15. Verfahren nach Anspruch 14. bei dem die WinHelposition des Objekts bestimmt wird. 

16. Verfahren nach Anspruch 14 oder 15. bei dem die Positionsinformation durch Triangulation bestimmt wird. 

17. Verfahren nach Anspruch 16, bei dem eine Trajektorie fur das Objekt durch Triangulieren zu einer Anzahl von 
diskreten Zeitpunkten bestimmt wird. 

18. Verfahren nach einem der AnsprOche 13 bis 17. bei dem das Tastsignal die Form eines Impulses mit einer vorge- 
gebenen Zeitdauer annimmt und bei dem die Zeitdifferenz von zurQckgekehrten Signalen detektiert wird, die in- 
nerhalb des Zweifachen einer solchen vorgegebenen Zeitdauer empfangen werden, vorzugsweise innerhalb des 
Einfachen oder der Halfte der vorgegebenen Zeitdauer. 

19. Verfahren nach einem der AnsprOche 13 bis 18, bei dem die Zeitdifferenz zwischen zuruckgekehrten Signalen 
detektiert wird, die innerhalb von 3, 2 oder 1 ns oder 500. 250 Oder 100 ps voneinander empfangen werden. 

20. Verfahren nach einem der AnsprOche 1 3 bis 19, bei dem die Zeitdifferenz zwischen zurQckgekehrten Tastsignalen 
detektiert wird, die im wesentlichen gleichzeitig empfangen werden. 

21. Verfahren nach einem der AnsprOche 13 bis 20, bei dem di Unscharfe der genannten Zeitdifferenz w niger als 
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100, 50, 20. 10 Oder 5 ps betragt. 

22. Verfahren nach einem der Anspruche 13 bis 21, bei dem die zuruckgekehrten Signale nur bei vorgegebenen 
Entfemungsbereichen detektiert werden und der Bereichsabstand groBer ist als 1 mal, vorzugsweise groBer als 
1 ,2 Oder 1 ,5 mal. und noch vorzugsweiser groBer als 1 ,7 mal der maximalen Abmessung d s Objekts, wie sie in 
Richtung zu einem beliebfgen der genannten zueinander beabstandeten Standorte genommen wird. 

23. Verfahren nach einem der Anspruche 13 bis 22, bei dem belm Sendeschritt gepulste Tastslgnale mrt einer ausge- 
wahlten Impulswiederholf requenz zum Objekt hin gesendet werden, wobei ein Mass des Inversen der genannten 
Frequenz fur die Signale eine Impulswiederholf requenzweglange festlegt; 

bei dem Detektionsschritt eine Weglange fur die Signale, die groBer Ist als die, fur die das Objekt nicht detektiert 
werden kann, eine maximaie detektierbare Weglange festlegt; und 

die Impulswiederholfrequenz so ausgewahit wird, dass die Impuiswfederholfrequenzweglange ktelner ist als 
die maximaie Weglange. . 

24. Verfahren nach Anspruch 23, bei dem maximaie Weglange groBer ist als das Doppelte, und vorzugsweise groBer 
. als das Dreifache. Vierfache oder FOnffache der Impulswiederholfrequenzweglange. 

25. Verfahren nach Anspruch 23 oder 24, bei dem die Impulswiederholf requenzweglange groBer ist als das Zwelfache. 
und vorzugsweise groBer Ist als das Dreifache oder sogar Vierfache der maximalen Abmessung des Objekts, die 
in der Richtung von einem beliebigen der genannten zueinander beabstandeten Standorte genomnien wird. 

26. Verfahren nach einem der Anspruche 23 bis 25, bei dem die zurQckgekehrten Signale mit einer vorgegebenen 
Abtastfrequenz detektiert werden. 

27. Verfahren nach Anspruch 26. bei dem die Impulswiederholfrequenz oder die Abtastfrequenz ein ganzzahliges 
Vielfaches der anderen ist. 

28. Verfahren nach einem der Anspruche 23 bis 27, bei dem die Tastsignale mit verschledener Relativamplitude aus- 
gesendet werden. 

29i Verfahren nach einem der Anspruche 23 bis 27, bei dem die Tastsignale alle dieselbe Amplitude aufweisen. 

30. Verfahren nach Anspruch 29. bet dem die Tastsignale samtliche identisch sind. 

31. Verfahren nach einem der AnsprQche 23 bis 30, bei dem die zuruckgekehrten Signale bei einer Anzahl von ver- 
schiedenen Entfemungsbereichen detektiert werden. wobei eine Anzahl von Detektoren vierwendet wird. die klei- 
n r ist als die Anzahl von Entfemungsbereichen. 

32. Verfahren nach einem der Anspruche 13 bis 31. mit den weiteren Schritten: 

dass ein Detektionstaktslgnal zu einer Verzoge run gsze it nach dem Sendezeltpunkt eines vorgegebenen Tast- 
signals erzeugt wird, entsprechend zumlndest einem ausgewahlten Berelch fur das Objekt; und 
dass eine Anzahl von Detektoren bereitgesteilt wird, von denen jeder das zuruckgekehrte Tastsignal detektiert, 
wie es jeweils an einem der Standorte in Antwort auf ein gemeinsames Detektionstaktslgnal empfangen wird. 

33. Verfahren nach Anspruch 32, bei dem in dem Erzeugungsschritt ein Pulsgenerator bereitgesteilt wird, wobei ein 
einzelner solcher Generator das gemeinsame Taktsignal erzeugt. 

34. Verfahren nach Anspruch 32 oder 33, be! dem eine Anzahl von Satzen von Detektoren bereitgesteilt wird und eine 
Anzahl von gemeinsamen Detektionstaktstgnalen erzeugt wird, und zwar jeweils eines fQr jeden Satz von Detek- 
toren. 

35. Verfahren nach einem der Anspruche 13 bis 34, bei dem das Tastsignal eine Anzahl von gepulst n Signalen 
umfasst. 

36. Vorrichtung nach einem der Anspruche 1 bis 12, die auBerdem eine Einrichtung zum Erzeugen eines Detektlons- 
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taktsignals nach einer Verzogemngszeit nach dem Sendezeltpunkt eines vorgegebenen Tastsignals umfasst, ent- 
sprechend zumindest einem ausgewahtten Bereich tur das Objekt; und bei der die Deteklionseinrichtung einer 
Anzahi von Detektoren umfasst, jeder zum Detektieren des zuruckgekehrten lastsignals, wte es bei einem jewel- 
tigen Standort in Antwort auf ein genciernsames Detektlonstaktsignal empfangen wird. 

37. Vorrichtung nach Anspruch 36, bei der die Erzeugungseinrichtung einen Pulsgenerator (PG2) umfasst, wobei ein 
einzelner solcher Generator dazu verwendet wird, um das gemeinsame Taktsignal zu erzeugen. 

38. Vorrichtung nach Anspruch 36 Oder 37, bei der die Detektionseinrichtung (SI , S2; S3. S4) eine Anzahi von Satzen 
von Detektoren umfasst und die Erzeugungseinrichtung ausgelegt ist, um eine Anzahi von gemeinsamen Detek- 
tionstaktsignalen zu erzeugen, und zwar jeweils eines fur jeden Satz von Detektoren. 

39. Vorrichtung nach einem der Anspruche 36 bis 38, bei der nicht mehr als zwei Detektoren zur VerfOgung st'ehen, 
um das zuruckgekehrte Taktsignal zu detektieren, wie es an irgendeinem der Standorte empfangen wird. 

40. Vorrichtung nach einem der Anspruche 36 bis 39, umfassend eine Einrk:htung, um aus dem Ausgangssignal der 
Detektoren Jnformatfon zu erkennen, die verschiedene Bereiche betrifft- 

41. Vorrichtung nach einem der Anspruche 36 bis 40. bei der Erzeugungseinrichtung ausgelegt ist. um verschiedene 
Arten von Detektionstaktsignafen zu erzeugen. 

42. Vorrichtung nach einem der AnsprOche 1 bis 12 Oder 36 bis 41 . bei der das Tastsignal eine Anzaht von gepulsten 
. Stgnalen umfasst. 

R V ndlcations 

1^ . Appareil destind:^ determiner des Informations relatives ^ la positkan d'uh;objjBt, comprenant : 

des moyens (22) pour la transmisston d'un signal, de sonde en direction de Tobjet; et ^ 
des moyens (26.28) pour recevoir. en une plurality d'emplacements espacte ehtre eux, ie signal de sonde tel 
: que renvoy6 par I'pbjet; .. ' - . 

caracteris^ par : 

des moyens de detection (51 ,S2;S3,S4), couples aux moyens de reception (26,28), pour d^tecter la tempo- 
risation relative des signaux de sonde renvoyes teis que re9us en la pturalit^ d'emplacements; 

moyennant quoi, les informations relatives k ia position de I'objet peuvent Stre ddtermindes d partir de ladite 
temporisatlon relative. 

2. Appareil selon la revendication 1 comprenant des moyens pour determiner les informations relatives d ia position 
de I'objet k partir de ladite temporisatlon relative. 

3. Appareil sek>n la revendication 2. dans lequel les moyens de determination sont aptes k determiner la position 
angulaire de Tobjet. 

4. Appareil selon la revendication 2 ou 3, dans lequel les moyens de determination sont aptes k determiner les 
informations positionnefles par triangulatlon. 

5. Appareil selon la revendication 4, dans lequel les moyens de determination sont aptes k determiner une trajectoire 
pour I'objet par triangulatlon en une pluralite de temps discrete. 

6. Appareil selon Tune quelconque des revendications precedentes, dans lequel les moyens de detection (S1,S2; 
83.84) sont aptes k detecter les signaux renvoyes par Tappareil en une plag minimum donnee. Tangle mutuel- 
lement sous-tendu par les emplacements en cette plage minimum etant inferieur ^ 10, de preference inferieur k 
5, et de fa9on plus pretere inferieur k 3 degres. 
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7- Appareil selon Tune quelconque des revendlcations pr6cedentes, dans leque! les moyens de detection (S1,S2; 
S3,S4) sont aptes a detecter fa temporisation relative des signaux renvoyes par correlation crois^e entre eux. 

8. Appareil selon Tune quelconque des revendications prec6dentes, dans lequel le signal d sonde prend la forme 
d'une impulsion d*une dure donnee, et les moyens de detection (SI ,S2;S43,S4) sont aptes ^ detecter la tempori- 
sation relative des signaux renvoyes qui sont re^us k rinteriieur de deux fois cette duree donnee, d pr^f^rence k 
rint^rieur d*une fois et demie ladite duree donnee. 

9. Appareil selon Tune quelconque des revendications: pr6c6dentes, dans lequel les moyens de detection (S1,S2; 
S3,S4) sont aptes k detecter la temporisation relative des signaux renvoyes qui sont regus k rint^rieur de 3, 2 ou 
1 ns ou 500. 250 ou 100 ps I'un de {'autre. 

10. Appareil selon i'une quelconque des revendications prec^dentes, dans lequel les moyens de detection (S1,S2; 
S3,S4) sont aptes a ditecter la temporisation relative des signaux de sonde renvoyes qui sent regus sensiblement 
simultan6ment. 

11. Appareil selon Tune quelconque des revendications pr^cedentes. dans lequel les moyens de ddtection (S1,S2; 
S3,S4) et les moyens de reception (26,28) sont adapt^s de telle sorte que I'incertltude dans ladite temporisation 
relative est inf^rieure ^ 100, 50, 20, 10 ou 5 ps. 

12. Appareil selon I'une quelconque des revendications precedentes, dans leiquel les moyens de reception (26,28) 
comprennent des moyens pour limiter la puissance du signal de sonde tel que regu. 

13. ProcSdd destine k determiner les informations relatives k la position d'un objet, comprenant les operations con- 
sistant^: 

transmettre un signal de sonde en direction de I'objet; 

recevoir, en une pluraiiit&d'emplacements espac^s entre eux, le signal de sonde tel que renvoyd par Tobjet; 
' caract^risd par: : - c - .. 

la detection de la temporisation relative des signaux de sonde renvoyes tels que- regus ein la plurality d'em* 
placements; 

moyennant quoi, les informations relatives k la position de I'objet peuvent etre d^termindes k partir de ladite 
temporisation. relative. 

14. Procede selon la revendication 13, comprenant I'etape de determination des informations relatives k la position 
de I'objet k partir de ladite temporisation relative. 

15. Proc6de selon la revendication 14. dans lequel la position angulaire de I'objet est d^termin^e. 

16. Proced6 selon la revendication 14 ou 15, dans lequel les informations positionnelles sont d^termin^es par trian- 
gulation. 

17. Procede selon la revendication 16, dans lequel une trajectoire pour i'objet est determinee par triangulation en une 
plurality de temps discrete. 

18. Procede selon I'une quelconque des revendications 13 a 17, dans lequel le signal de sonde prend la forme d'une 
impulsion d'une dur^e donn§e et la temporisation relative est d^tect^e des signaux renvoyte qui sont regus k 
rint^rieur de deux fois cette duree donnee. de preference k I'interieur d'une fois et demie ladite duree donnee, de 
preference a i'interieur d'une fois et demie ladite dur^e donnee. 

19. Procede selon I'une quelconque des revendications 13 ^ 18, dans lequel la temporisation relative est detectee 
des signaux renvoyes qui sont regus k I'interieur de 3,2 ou 1 ns ou 500, 250 ou 100 ps I'un de I'autre. 

20. . Procede selon I'une quelconque des revendications 13 a 19, dans lequel la temporisation relativ est detectee 
des signaux de sonde renvoyes qui sont regus sensiblement simultanement. 
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21. Procede selon Cune quelconque des revendications 13 d 20, dans lequel i'incertitude dans ladit temporisation 
relative est inf drieure k 1 00,50,20, 1 0 ou 5 ps. 

22. Proced6 selon Tune quelconque des revendications 13 ^ 21, dans lequel ies signaux renvoyes ne sont detect^s 
qu'^ des portes de plage donn^es et la separation des portes est sup^rieure ^ 1, de preference superieure d 1,2 
ou 1 ,5 et de fa^n plus pref eree, superieure k 1 .7 fois la dimension maximum de I'objet pris dans un direction 
vers run quelconque desdrts emplacements espaces entre eux. 

23. Procede selon Tune quelconque des revendications 13^ 22, dans lequel dans retape de transmission, ies signaux 
de sonde pulses sont transmis vers Tobjet ^ une frequerK:e de repetition d'imputsions seiectlonnee, una mesur 
de i'inverse de ladite frequence definlssant une longueur de vote de frequence de repetition d'impulsions pour Ies 
signaux; 

;:dans retape de detection, une longueur de voie pour les signaux superieure k celle k laquetle Fobjet ne peut 
etre detecte definit une longueur de voie detectable maximum; et 

la frequence de repetition d'impulsions etant seiectionnee de telle sorte que la longueur de vote de frequence 
• : de repetition d'impulsions est inferieure ^ la longueur de voie maximum. 

24. Procede selon la revendication 23. dans lequel la longueur de voie maximum est superieure k deux fois, et de 
preference superieure k trois, quatre ou cinq fois la longueur de voie de frequence de repetition d'impulsions. 

25. Procede selon la revendication 23 ou 24, dans lequel la longueur de voie de frequence de repetition d'impulsions 
:, .est superieure k deux fois, et de preference superieure k trois fois, voire quatre fois' la dimension maximum d 

!*objet pris dans une direction vers I'un quelconque desdits emplacements espaces entre eux. 

26. Procede selon Tune quelconque des revendications 23 k 25, dans lequel les signaux renvoyes sont detectes k 
une frequence d'echantilionnage donnee. 

27. Procede seiori la revendication 26, dans lequel Tune des frequences de repetition d'impulsions et de la frequence 
d'echantilionnage est un multiple integral de I'autre. 

28. Procede selon Tune quelconque des revendications 23^ 27. dans lequel sont transmis des signaux de sonde d 
differente.amplitude. 

29. Procede sefon Tune quelconque des revendications 23 k 27. dans lequel les signaux de sonde ont tous la meme 
amplitude. 

30. Procede selon la revendication 29. dans lequel les signaux de sonde sont tous identiques. 

31. Procede selon Tune quelconque des revendications 23 a 30, dans lequel les signaux renvoyes sont detectes en 
une piurallte de portes de plage distinctes, en utilisant un nombre de detecteurs qui est inferieur au nombre de 
portes de plage. 

32. Procede selon Tune quelconque des revendications 13 ^ 31 . comprenant de plus les operations consistant k : 

generer un signal de temporisation de detection k un retard apres un temps de transmission des signaux de 
sonde donne, correspondant k au moins une plage seiectionnee pour I'objet; et 

mettre en place une pluralite de detecteurs, chacun detectant le signal de sonde renvoye tel que regu en un 
emplacement respectif parmi les emplacements en reponse k un signal de temporisation de detection com- 
mune. 

33. Procede selon la revendication 32, dans lequel dans retape de generation, II est prevu un generateur d'impulsions. 
un seul generateur de ce type generant le signal de temporisation commune. 

34. Procede selon ta revendication 32 ou 33, dans lequel 11 est prevu une pluralite de series de detecteurs et une 
pluralite de signaux de temporisation de detection commune est generee, un signal respectif pour chaque serle 
de detecteurs. 
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35. Precede seion I'une quelconque des revendications 1 3 a 34, dans lequel le signal de sonde comprend une pluralite 
de signaux pulses. 

36- Appareil selon I'une quelconque des revendications 1 k 12. comprenant de plus des moyens pour generer un 
signal de temporisation de detection a un retard apr^s un temps de transmission de signal de sonde, correspondant 
k au moins une plage selectionn^e pour I'objet; et dans lequel les moyens de detection comprennent une plurality 
de d^tecteurs, chacun pour dStecter le signal de sonde renvoy^ tel que regu en un emplacement r spectif parmi 
les emplacements en reponse k un signal de temporisation de detection commune. 

37. Appareil selon la revendication 36, dans lequel les moyens de generation comprennent un g^nerateur d'impulsions 
(PG2). un seul gendrateur de ce type etant utilise pour generer le signal de temporisation commune. 

38. Appareil selon la revendication 36 ou 37, dans lequel les moyens de detection (S1,S2;S3,S4) comprennent une 
pluraJite de series de d^tecteura et les moyens de generation sont aptes k generer une plurality de signaux de 
temporisation de detection commune, un signal respectrf^pour cheque sMe de d^tecteurs. 

39. Appareil selon i'une quelconque des revendications 36 k 38. dans lequel 11 n'est pr^vu pas plus de deux detecteurs 
pour d^tecter le signal de sonde de retour tel que re^u en Tun quelconque des emplacements. 

40. Appareil selon I'une quelconque des revendications 36 k 39. comprenant des moyens pour distinguer k partir de 
la sortie des ddtecteurs les informations concemant diffSrentes plages. 

41. Appareil selon I'uhe quelconque des revendications 36 a 40, dans lequel les moyens de gdndration sbnt aptes k 
gdndrer diffdrents types de signaux.de temporisation de detection. 

42. Appareil selon I'une quelconque des revendications 1 d 12 ou 36 ^ 41 , dans lequel le signal de sonde comprend 
une pturalitd de signaux pulses. 
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